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Description 

SELF-LIMITED METAL RECESS FOR DEEP 

TRENCH METAL FILL 

Background of Invention 
[ooo 1 ] Field of the Invention 

[0002] The present invention generally relates to a process for 
manufacturing deep trench capacitors and more particu- 
larly to an improved etching process that etches titanium 
nitride trench conductors more effectively than conven- 
tional manufacturing methods. 

[0003] Description of the Related Art 

[0004] | n t he state of the art semiconductor manufacturing, 
trench capacitors may be formed to store electrical 
charge. As the miniaturization of the semiconductor de- 
vices progresses, the feature size of the storage trench 
has correspondingly shrunk. State of the art memory de- 
vices today use trenches with opening sizes of less than 
120 nm. A large amount of charge must be placed into 



each trench to compensate for charge leakage out of 
these trenches. Thus, the retention time of the memory 
device scales with the total current stored in each trench. 
Since the opening dimension of these trenches reduces 
with feature size, the available storage area has histori- 
cally been increased by increasing the depth of the trench 
into single crystal silicon. Current state of the art devices 
require trench depths of 7.5 urn to allow for adequate 

charge storage. 
Summary of Invention 

[0005] Th e invention provides a method of manufacturing a deep 
trench capacitor structure that forms a trench in a sub- 
strate, lines the trench with a polysilicon liner, and forms 
titanium nitride columns along the polysilicon liner. The 
invention etches the titanium nitride columns using chlo- 
rine-based chemistry that is substantially ion free. This 
etching process removes the upper portion of the titanium 
nitride columns without affecting the polysilicon liner. The 
etching process attacks only in the uppermost portion of 
the titanium nitride columns such that, after the etching 
process is completed, the remaining lower portions of the 
titanium nitride columns are substantially unaffected by 
the etching process. Then, the invention fills the space 



between the titanium nitride columns and the upper por- 
tion of the trench with additional polysilicon material. The 
process of filling the space simultaneously forms a 
polysilicon plug and polysilicon cap. 
[0006] The chlorine-based chemistry is substantially fluorine free 
(e.g., has less than 5% fluorine). The etching process uses 
a decoupled power source that is substantially free of bias 
(e.g., uses a decoupled power source with a bias power of 
less than 100 W). Thus, the energetic ion bombardment is 
extremely low, and the etch rate is primarily (>90%) 
isotropic. Some low self-bias is present, as required to 
prevent micro-masking of the etch front and enhanced 
etch rate. 

[0007] The etching process is rate-limited by availability of radi- 
cals (e.g. CI, CI+), due to the low bias highlighted above. 
Inside the high aspect ratio trench, the diffusivity of these 
radicals is limited by Knudsen flow, and a gradient in 
available radicals occurs from the entrance of the trench 
to the bottom. As the reactive gas in the trench is ex- 
posed to TiN, the reaction becomes rate-limited by the 
local reactant concentration, or mass transfer limited due 
to the gradient in the trench. Therefore, the invention 
does not need the polysilicon plug to protect the sides of 



the titanium nitride columns. Further, by altering the re- 
cess etch in this manner, the invention makes the etch 
more selective to silicon nitride and polysilicon (doped or 
undoped). By eliminating the polysilicon plug, the inven- 
tion saves a number of manufacturing process steps. 
[0008] These, and other, aspects and objects of the present in- 
vention will be better appreciated and understood when 
considered in conjunction with the following description 
and the accompanying drawings. It should be understood, 
however, that the following description, while indicating 
preferred embodiments of the present invention and nu- 
merous specific details thereof, is given byway of illustra- 
tion and not of limitation. Many changes and modifica- 
tions may be made within the scope of the present inven- 
tion without departing from the spirit thereof, and the in- 
vention includes all such modifications. 
Brief Description of Drawings 

[0009] The invention will be better understood from the following 
detailed description of preferred embodiments with refer- 
ence to the drawings, in which: 

[0010] Figure 1 is a schematic diagram of a deep trench capaci- 
tor; Figures 2A-2F are schematic cross-sectional dia- 
grams of various manufacturing stages of the deep trench 



capacitor that has a titanium nitride conductor; 

[0011] Figures 3A-3D are schematic cross-sectional diagrams of 
various manufacturing stages of the deep trench capacitor 
that has a titanium nitride conductor; 

[0012] Figure 4 is a flow diagram of various stages used in man- 
ufacturing a deep trench capacitor; and 

[0013] Figure 5 is a flow diagram of various stages used in man- 
ufacturing a deep trench capacitor. 
Detailed Description 

[0014] The present invention and the various features and ad- 
vantageous details thereof are explained more fully with 
reference to the non-limiting embodiments that are illus- 
trated in the accompanying drawings and detailed in the 
following description. It should be noted that the features 
illustrated in the drawings are not necessarily drawn to 
scale. Descriptions of well-known components and pro- 
cessing techniques are omitted so as to not unnecessarily 
obscure the present invention. 

[0015] The decrease in the opening size of the trench with the 

concurrent increase in trench depth dramatically increases 
the aspect ratio (defined as depth/opening size) of the 
trench, increasing the complexity of the trench patterning 
process. Moreover, as the aspect ratio of the trench in- 



creases, the device speed generally increases concur- 
rently, requiring a faster read/write time. 

[0016] Figure 1 illustrates a deep trench capacitor formed in a 
substrate 10, such as a single crystal silicon substrate. 
The trench conductor 16 is formed within trenches that 
are usually lined with a node dielectric. To provide addi- 
tional insulation, these structures include a pad oxide 12 
and a pad nitride 14 above the substrate 10. 

[0017] Many common trenches use doped polysilicon (n-poly) as 
a conductor. The resistance of the trench conductor to the 
storage current grows as the inverse square of the trench 
hydraulic cross section. Due to this inherent growth in re- 
sistance, current state of the art devices do not fully 
charge the available trench surface, and consequently the 
retention time of the memory device decreases as the size 
of the trench opening decreases. 

[0018] | n order to overcome the aforementioned limitation in 
trench conductance, metal fill materials have been em- 
ployed. The choice of materials is limited by the compati- 
bility with silicon substrate, the ability to conformally de- 
posit in high aspect ratio features, the thermal stability at 
high temperatures (e.g., 1000C) typical of FEOL DRAM 
processes, and the ability to adequately process metals to 



form capacitor structures. One material, which readily ful- 
fills the first three requirements, is TiN in combination 
with or without a thin layer (i.e. 150-250A) of n-poly 
(here known as the polysilicon liner), which is deposited 
on the node dielectric prior to TiN deposition. The op- 
tional CVD- or LPCVD-deposited polysilicon liner acts as a 
chemical diffusion barrier and also assists in balancing the 
work functions on either side of the node dielectric. Cur- 
rent integration schemes for TiN include a full TiN fill op- 
tion or a partial TiN fill option with n-poly filling the re- 
maining area. 

[0019] Figures 2A-2F are schematic cross-sectional diagrams 
that illustrates various manufacturing process steps that 
are performed on deep trench capacitors that utilize tita- 
nium nitride conductors. More specifically, Figure 2A il- 
lustrates the substrate 10, pad oxide 12, and pad nitride 
14 that are discussed above. In addition, Figure 2A illus- 
trates the polysilicon liner 20, titanium nitride columns 
22, and polysilicon plug 24. Figure 2B illustrates the 
structure after it is planarized in, for example, a chemical 
mechanical polishing (CMP) process. In Figure 2C, a por- 
tion of the polysilicon liner 20 in the polysilicon plug 24 is 
removed in a selective etching process that attacks only 



the polysilicon material and leaves the substrate 10, pad 
oxide 12, pad nitride 14, and titanium nitride columns 22 
substantially unaffected. 
[0020] Next, in Figure 2D, a wet etching process is used to re- 
move the exposed portions of the titanium nitride 
columns 22. Then, as shown in Figure 2E, a polysilicon 
cap 26 is formed in the upper portion of the trench where 
the polysilicon and titanium nitride were previously re- 
moved. Finally, as shown in Figure 2F, the structure is 
planarized. 

[0021] This processing is summarized in flowchart form in Figure 
4. More specifically, in item 400, the titanium nitride 22 is 
deposited in the deep trench. Then, in item 402, the 
polysilicon plug 24 is deposited. Next, as shown in Figure 
2B, a chemical mechanical polishing process is performed 
to planarize the structure (item 404). Then, as shown in 
Figure 2C, the recess etch is performed on the polysilicon 
(item 406). The wet etch shown in Figure 2D equates with 
the removal step shown in item 408. Item 410 illustrates 
the polysilicon cap 26 formation (shown in Figure 2E) and 
the planarization process shown in Figure 2F relates to 
item 412. 

[0022] when removing the trench conductor in the top portion of 



the trench (as shown in Figure 2D) in order to be effective, 
this recess etch should only remove material down to the 
desired depth. For example, 1.5 urn of material is com- 
monly removed to provide room for gates and wiring to 
the trench capacitor 22. When n-poly is employed as the 
trench conductor, this material is readily removed using a 
standard fluorine-based recess process. This recess etch 
is required to be selective to the polish stop material on 
top of the wafer, typically silicon nitride. When TiN is used 
as the trench conductor, the processing uses a combina- 
tion of polish (to remove the polysilicon plug 24, TiN 22, 
and polysilicon liner 20 on the top surface of the wafer, as 
shown in Figure 2B, above), followed by polysilicon recess 
(to remove both polysilicon liner 20 and plug 24 in the 
trench, as shown in Figure 2C, above), and then a wet etch 
to remove remaining pillars of TiN 22 (as shown in Figure 
2D, above). There are many issues with this approach, in- 
cluding cost and complexity (CMP), as well as the risk of 
particle formation from the remaining TiN pillars following 
the n-poly recess step. 
[0023] | n theory, a more desirable process flow would be to etch 
TiN selectively to both n-poly (to preserve the integrity of 
the node dielectric) as well as the top silicon nitride 14. By 



first removing the TiN selective to n-poly, the remaining 
films (n-poly liner, if used) are supported by the trench 
sidewall and hence particle concerns are mitigated. State 
of the art etch fluorine based processes (e.g. SF ), for TiN 

6 

have high selectivity to silicon nitride but low etch rate 
and low selectivity to n-Poly. State of the art chlorine 
based metal etch processes (e.g. CI 2 /BCI 3 ) for TiN offer 
poor selectivity to silicon nitride as well as polysilicon, but 
offer high TiN etch rates. 

[0024] | n consideration of these issues, the invention provides a 
method (shown in Figures 3A-3D and 5) to recess TiN in 
the trenches without the need for a polysilicon plug 24 
(e.g., a recess etch in which the TiN etch rate is negligible 
below the depth of the recess). In addition, this method 
provides high (> 100:1) selectivity to both silicon nitride 
and n-Poly, greatly simplifying the introduction of TiN 
into the trench nodule and reducing the number of pro- 
cessing steps. This method removes one deposition (the 
polysilicon plug 24), one CMP (item 404), and one wet 
etch step (item 408) from the trench top shaping process 
flow shown in Figures 2A-2F and 4. 

[0025] More specifically, as shown in Figures 3A-3D (and in Fig- 
ure 5) this aspect of the invention begins with the struc- 



ture shown in Figures 3Athat has a substrate 10, pad ox- 
ide 12, pad nitride 14, and polysilicon liner 20. As shown 
in item 500 in Figure 5, the invention deposits a sufficient 
amount of titanium nitride 22 to form the titanium nitride 
columns. However, this aspect of the invention does not 
form the polysilicon plug 24 that is mentioned above. In- 
stead, as shown in item 502 and Figure 3B, the titanium 
nitride columns 22 are etched using a chlorine-based 
etching process that is substantially isotropic due to low 
incoming ion energy. This etching process removes the 
upper portion of the titanium nitride columns 22 without 
affecting the optional polysilicon liner 20. The etching 
process attacks only in the uppermost portion of the tita- 
nium nitride columns 22 such that, after the etching pro- 
cess is completed, the remaining lower portions of the ti- 
tanium nitride columns are substantially unaffected by the 
etching process. Therefore, this aspect of the invention 
dispenses with the need for a polysilicon plug 24. To 
complete the processing, the invention deposits polysili- 
con 30, which simultaneously forms the plug and the cap 
(item 504) as shown in Figure 3C. Finally, the structure is 
planarized in item 506 (Figure 3D). 
[0026] The chlorine-based chemistry used in the TiN recess etch 



is substantially fluorine free (e.g., has less than 5% fluo- 
rine) and primarily isotropic due to low ion energy. The 
etching process is rate-limited by availability of radicals 
(e.g. CI, CI+), due to the low bias highlighted above. In- 
side the high aspect ratio trench the diffusivity of these 
radicals is limited by Knudsen flow, and a gradient in 
available radicals occurs from the entrance of the trench 
to the bottom. As the reactive gas in the trench is ex- 
posed to TiN, the reaction becomes rate-limited by the 
local reactant concentration, or mass transfer limited due 
to the gradient in the trench. Therefore, the invention 
does not need the polysilicon plug 24 that was needed 
above to protect the sides of the titanium nitride columns. 
Further, by altering the recess etch in this manner, the in- 
vention makes the etch more selective to silicon nitride 
and polysilicon. By eliminating the polysilicon plug, the 
invention saves a number of costly manufacturing process 
steps. 

[0027] M 0re specifically, the etching process only attacks the up- 
permost surface of the titanium nitride columns because 
of the strong loading effect of the chlorine radicals. As the 
recess etch proceeds in the trench, the chlorine radicals 
are rapidly consumed by available TiN surface. Due to the 



Knudsen flow regime in the trenches (i.e. collision with 
trench sidewalls is more probable than gas phase colli- 
sions), this consumption of chlorine radicals allows only 
the top of the TiN metal to be recessed. With this aspect 
of the invention the etch rate of TiN is a step function with 
the TiN height, and no erosion of TiN is measurable below 
the recess level. Again, this avoids the introduction of a 
polysilicon plug, subsequent CMP steps, and issues with 
particle formation due to TiN pillars remaining after the 
poly recess. Furthermore, this effect will increase with in- 
creasing trench aspect ratio, so that the inventive process 
becomes highly scalable. 
[0028] The etching process shown in item 502 uses a decoupled 
power source that is substantially free of bias (e.g., uses a 
decoupled power source with a bias power of less than 
100 W). By employing chlorine-based chemistry, the in- 
vention provides an adequate etch rate of TiN metal to re- 
duce processing time. By employing chlorine radicals in 
the absence of ion energy, only low work function materi- 
als with many available electrons (e.g. TiN) are etched. In 
the absence of energetic ion bombardment, the work 
function of silicon nitride is such that the surface does not 
provide enough available electrons to allow reaction with 



chlorine radicals to proceed. Importantly, by using a chlo- 
rine-based etch chemistry (rather than the more strongly 
electronegative F based gases) the etch rate of n-doped 
polysilicon falls off to near zero, greatly simplifying the 
process flow. That is to say, fluorine radicals are able to 
extract electrons (and hence react with) the n-doped 
polysilicon, whereas the chlorine radicals are not. Neither 
halogen radical is able to extract electrons from silicon 
nitride in the absence of energetic ion bombardment. De- 
coupled gas phase plasma activation of the feedstock ma- 
terials is used to provide adequate flow of reactive radi- 
cals. 

[0029] Therefore, as described above, this aspect of the invention 
provides a chlorine-based etch process for TiN in 
trenches, which provides high selectivity to both silicon 
(including n-doped polysilicon) and dielectric mask mate- 
rials (e.g. silicon nitride, silicon dioxide). The etch process 
uses low DC bias to provide selectivity to the mask mate- 
rial. Typical operating ranges are 1- 50 mT pressure, 
50-5000 W decoupled source power, less than 100W bias 
power to the wafer. The reactive gas feedstocks contain 
less than 5% fluorine based halogens (e.g. CF4, SF6, NF3, 
etc.), and the balance CI2 (CI2, BCI3, HCI) or Br (HBr, Br2) 



based reactants. Diluent gases may additionally be added 
in any range from 0% to 90% of the total feed, and can in- 
clude He, Ar, N2, Kr, etc. 
[0030] The chlorine-based chemistry is substantially fluorine free 
(e.g., has less than 5% fluorine). The etching process uses 
a decoupled power source that is substantially free of bias 
(e.g., uses a decoupled power source with a bias power of 
less than 100 W). Thus, the energetic ion bombardment is 
extremely low, and the etch rate is primarily (>90%) 
isotropic. Some low self-bias is present, as required to 
prevent micro-masking of the etch front and enhanced 
etch rate. 

[0031] The etching process is rate-limited by availability of radi- 
cals (e.g. CI, or CI+), due to the low bias highlighted 
above. Inside the high aspect ratio trench the diffusivity of 
these radicals is limited by Knudsen flow, and a gradient 
in available radicals occurs from the entrance of the 
trench to the bottom. As the reactive gas in the trench is 
exposed to TiN, the reaction becomes rate-limited by the 
local reactant concentration, or mass transfer limited due 
to the gradient in the trench. Therefore, the invention 
does not need the polysilicon plug to protect the sides of 
the titanium nitride columns. Further, by altering the re- 



cess etch in this manner, the invention makes the etch 
more selective to silicon nitride and polysilicon (doped or 
undoped). By eliminating the polysilicon plug, the inven- 
tion saves a number of manufacturing process steps. 
[0032] while the invention has been described in terms of pre- 
ferred embodiments, those skilled in the art will recognize 
that the invention can be practiced with modification 
within the spirit and scope of the appended claims. 

[0033] 

[0034] What is claimed is: 



